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ABSTRACT
ENVIRONMENTAL EFFECTS ON SELF-LUMINOUS GFRPS
Michael Phelan, B.S.
Marquette University, 2022
By implanting luminous powder into GFRPs, the material’s luminous capabilities
coupled with its high strength to weight ratio create a structural component doubling as a
sustainable light source. In this research, the luminous and mechanical properties of selfluminous GFRPs subjected to various environmental stimuli are studied to understand
how their afterglow and mechanical properties are affected by weather and differing
luminous powder concentrations. To simulate the conditions a GFRP will face during its
lifetime, the material was studied after exposure to UV radiation, freezing and hot
temperatures, and submersion under tap water. This study also analyzes how the
luminous and mechanical properties of natural, flax FRPs differ from GFRPs.
A luminous test was performed to study the material’s brightness over time. It
was found that self-luminous GFRPs emit light in logarithmic decay upon light source
removal. Additional luminous powder increased the GFRP’s light intensity and duration
of emittance, however the rate of change in its afterglow properties decreased at higher
luminous concentrations. A self-luminous GFRP’s brightness was significantly decreased
after exposure to UV radiation and slightly decreased when heated. Moisture had no
significant impact on a self-luminous GFRP’s brightness, while freezing temperatures
slightly increased its light intensity over time.
To study the material’s durability after subjected to different environmental
conditions, a quasi-static tensile test was performed. The experiment found the tensile
strength and ultimate strain of self-luminous GFRPs were unaffected by luminous
powder at low concentrations, and the material’s elastic modulus increased with
additional powder. Moisture caused a significant decrease in the material’s tensile
strength and ultimate strain but did not affect its elastic modulus. UV radiation caused a
slight decrease in tensile strength, ultimate strain, and elastic modulus, while the freezing
and heated temperatures studied in this experiment did not affect the material’s
mechanical properties.
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CHAPTER 1 INTRODUCTION
1.1 BACKGROUND
As the world is searching for more environmentally friendly ways to generate
energy, self-luminous glass fiber reinforced polymers (GFRPs) are emerging as an
alternative way of producing light. Self-luminous GRFPs are made by thoroughly mixing
luminous powder with epoxy resin and inserting glass fibers into the mixture before
leaving it to harden. As luminous powder’s brightness and time of emittance are
increasing, self-luminous GFRPs can replace energy consuming light bulbs by being
mounted to building facades to provide street lighting, or to aesthetically illuminate a
building or bridge at night. In addition, self-luminous GFRPs can serve as a hazard
mitigation. The material can be placed in emergency signage in buildings or along the
roadside. The self-luminous GFRPs can also be wrapped around bridge columns and
trusses to provide awareness and visibility for drivers. If the material is used along the
roadside, headlights from oncoming traffic would activate the luminous powder,
illuminating the GFRP throughout the night.
GFRPs consist of glass fibers stiffened by a resin material, called the matrix. As
an anisotropic material, their mechanical properties depend on orientation. Glass fibers
have a high tensile strength and account for most of the composite’s strength, thus
GFRPs are strongest when the fibers are orientated in the direction of the applied force.
GFRPs are advantageous because of their high strength to weight ratio, corrosion
resistance, inexpensive materials, and ability to form to any mold or surface. To maintain
this high strength, the adhesion between the glass fibers and matrix, called the fiber to
matrix bond, is essential in transferring forces along the composite (Li et al. 2011; Nair et
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al. 2018). If debonding occurs, the two materials no longer work compositely and cause
the GFRP to fail at a lower strength. When placed under tension, GFRPs exhibit linear
elastic behavior until failure occurs, making them a brittle material. There are three
different failure types for GFRPs: type I is brittle failure, type II is brittle failure with
fiber pullout, and type III is brittle failure with fiber pullout and interface matrix shear
failure and constituent debonding (Agarwal et al. 2015).
To ensure the fiber matrix bond is intact and that the GFRP will be able to
withstand the loads and conditions placed on it, it is important to understand how the
material behaves under different environmental conditions. In future use, self-luminous
GFRPs will often be placed outside and fully exposed to the location’s weather
conditions. During their lifetime, they will be subjected to various conditions such as
rain, hot temperatures, freezing temperatures, and direct sunlight. To use this material,
designers must know how it will react to the environment it is placed in.
1.2 RESEARCH SIGNIFICANCE
As previously mentioned, GFRPs are brittle materials, meaning they fail suddenly
with little warning. This study aims to identify when and why a GFRP will fail under
various conditions and how the addition of luminous powder effects the mechanical
properties of the material. Additionally, this study analyzes the material’s luminance after
subjection to different environmental conditions. The hope is that by studying the
material’s mechanical properties and luminance, designers will have confidence in the
GFRP material’s strength and its brightness after exposed to typical weathering.
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1.3 RESEARCH OBJECTIVES
The main objective of this research study was to evaluate effects of weather on
the tensile strength and durability of self-luminous glass fiber reinforced polymers. These
results will provide the strength of GFRPs as they are exposed to typical environmental
conditions they may face during their application. In this study, GFRP’s ultimate tensile
strength, ultimate strain, and modulus of elasticity were examined under hot temperature,
freezing temperature, after immersed under water, and after exposure to UV light.
The other objective of the study was to determine the brightness of the selfluminous GFRPs over time. The intensity and duration of the light output for varying
amounts of luminous powder was studied. Similar to the strength test, the material’s
luminance was also assessed after being subjected to the different environmental
conditions.
Lastly, the tensile properties and luminance capabilities of natural, flax fiber
reinforced composites were studied. The natural FRP results were compared with the
GFRPs test results to see how the different material types differ.
1.4 THESIS OUTLINE AND ORGANIZATION
In this thesis, experimental results and trends are used to predict the mechanical
strength and luminance capabilities of self-luminous glass fiber reinforced polymers
subjected to environmental conditions. The research objectives of this thesis are achieved
and organized in the following chapters.
Chapter 1: Introduction presents an introduction to self-luminous GFRPs, the
significance and objectives of the research, and the thesis outline
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Chapter 2: Literature Review presents recent experimental and analytical findings
for the mechanical behavior and self-luminous properties of GFRPs. Numerous studies
are examined to highlight how GFRPs react in different conditions. A glimpse into the
strength and sustainability of natural FRPs is also examined before summarizing the
results of the studies.
Chapter 3: Luminous Test provides the list and description of the raw materials
used to create the specimens and the procedure for doing so. Chapter 3 also lays out the
procedure for how GFRP specimens are tested for luminance. The results of the control
specimens facing no environmental stimuli are provided and analyzed for differing
luminous powder amounts in this chapter.
Chapter 4: Mechanical Properties provides the procedure for tensile testing the
specimens. The results of the specimens are provided to analyze the effects of different
luminous powder concentrations in this chapter.
Chapter 5: Durability & Environmental Effects provides the results of both the
tensile and luminous tests for specimens subjected to heat, below freezing temperature,
UV radiation, and submerged in water. The test results are analyzed against the control
specimens and the percentage of luminous powder used.
Chapter 6: Natural Fiber Self-Luminous FRP provides the results of the tensile
and luminous control tests for flax fiber specimens. A brief comparison is made between
natural fiber reinforced composites and GFRPs.
Chapter 7: Conclusion & Future Research presents the conclusions drawn from
the research and provides recommendations for future studies.
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CHAPTER 2 LITERATURE REVIEW
Fiber reinforced polymer (FRP) is a composite material consisting of fibers
embedded in a matrix. The fibers, typically consisting of carbon, glass, aramid, or basalt,
are stiffened by a polyester matrix, such as epoxy, vinyl ester, or polyester thermosetting
plastic. FRPs are advantageous for their lightweight, corrosion resistance, high strength
capabilities and are often used to construct common objects such as boats, car interiors,
and laptops. It is important to note that the fibers themselves are flexible, and the matrix
initially begins as a liquid material that cures when left to dry, much like concrete. This
provides another advantage, as the material can be formed into any desired shape. The
plastic matrix and fibers are inexpensive to produce and are readily available, making
FRPs a very cost-efficient material. Synthetic fibers used to create FRPs are called high
performance fibers (Moudood, et al. 2018), but natural fibers can be substituted or even
used along synthetic fibers to form hybrid composites. More recently, civil engineers are
finding ways to implement FRP’s strength and corrosion resistance into infrastructure by
building bridge decks, concrete reinforcing rods, and beam or slab reinforcing out of the
material (Bai, et al. 2015). FRPs can also be used in non–structural civil engineering
applications.
By adding luminous powder into a composite’s matrix, fiber reinforced polymers
can emit light, allowing them to be used for aesthetics, emergency signage, or as a
replacement to streetlight poles by illuminating building façades (Kostic 2009). As the
world is searching for new ways to reduce energy usage, self-luminous FRPs are gaining
interest as an environmentally friendly alternative to generating light during the night.
Glass fibers are optimal for mid to high strength applications because they have less
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tensile capacity than other manufactured fibers, like carbon, but are cheaper to produce
and are more ductile (Ramesh et al. 2013). Self-luminous glass fiber reinforced polymers
(GFRPs) have a strong potential to be used on sides of buildings or for signage. To
understand and optimize the design of exposed, self-luminous GFRPs, the effects of
weathering, material composition, tensile behavior, and ability to produce light must be
studied.
2.1 TENSILE BEHAVIOR
GFRPs consist of glass fibers bonded to a matrix and are beneficial due to their
light weight, corrosion resistance, and high strength. Glass fibers can withstand a high
load in tension compared to their weight but are flimsy when unloaded, much like a string
or cable. The matrix, on the other hand, has exceptionally low tensile strength, but is a
much more rigid material. By combining the two materials, a rigid GFRP that can
withstand high tensile forces is created. Because the matrix and fibers play separate
roles in the composite material, the adhesion between the two components, or the fiber to
matrix bond, is essential in transferring forces acting on the polymer (Li et al. 2011; Nair
et al. 2018). GFRPs are typically made from an E-glass woven mat embedded in epoxy or
resin using the hand layup method or the rubber mold method. In the hand layup method,
a woven mat is cut to the desired size, laid on a surface where a roller flattens resin onto
the fibers before being left to air dry. In the rubber mold method, resin is poured into a
mold and the cut glass fiber mat is placed on top. The resin is then poured over top of the
fibers until it reaches the top of the molding and is rolled out to ensure the materials
adhere together and air voids are diminished. Although these are the most common ways
to form GRFPs, they can also be created using the hot press technique, compression

7
molding, dry hand lay-up method, and pultrusion method. Additionally, several types of
fiber glass, such as R and S glass, can be manufactured and used as composite
reinforcement. The different glass fiber types are created by varying the chemical
composition of the glass during manufacturing (Stickel 2012). Each type of fiber glass
has its own unique physical properties that can be used for different applications. For
instance, S glass has the highest tensile strength with high thermal performance, R glass
has acid corrosion resistance, and E glass resists electricity (Sathishkumar 2015; Stickel
2012). Using this information, a designer can select the optimal glass fiber type to best
suit the needs of the project. GFRPs are so versatile because they can be laid on any
surface or fit any mold before hardening, allowing designers to easily create objects of
any shape or size. Glass fiber reinforced polymers are designer-friendly materials because
of their high strength-to-weight ratio, corrosion resistance, formability, and inexpensive
cost.
The majority of a GFRP’s tensile behavior is due to the material’s fibers, so the
fiber amount and orientation play a significant role in the material’s strength. This means
that GFRPs are an anisotropic material. Under quasi-static tensile
loading, unidirectional glass fiber reinforced polymers exhibit linear-elastic
behavior until failure, making it a brittle material (Ou and Zhu 2015; Nair et al. 2018), as
shown in Figure 2.1. Brittle materials are typically avoided in infrastructure because
there is little deformation indication until failure occurs. Often, GFRPs exhibit no clear
warning sign before failure unlike steel that yields or concrete that cracks and spalls.
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Figure 2.1: GFRP stress vs. strain curve (Ou and Zhu 2015)
By rotating the orientation of the fibers, the composite’s strength and ductility can
be manipulated. For instance, GFRP’s have the highest tensile strength when the fiber
fabric is orientated in the axial direction, are weakest when angled at 45 o and regain a
fraction of its maximum strength at a 90o orientation (Bai et al. 2015). The opposite is
true for ultimate strain. GRFPs achieve the highest strain at a 45 o fiber orientation and
have much less strain capacities, but similar ultimate strains at 0 o and 90o (Bai et al.
2015). The same results were found in an experiment conducted by Wang et al. (2013)
who found a composite’s Young’s modulus and fiber orientation angle have a
parabolic relationship. As seen in Figure 2.2, the composite is most stiff when loaded in
the direction of the fibers and decreases to its lowest stiffness at about 45 o. The composite
regains its stiffness as the orientation angle increases beyond the 45 o orientation. This
variation in Young’s modulus, with respect to fiber orientation, proves that rotating fibers
can increase ductility. The closer the fibers are orientated to 45 o, the more ductile the
composite is, while the closer to 0o or 90o, the higher the strength and more brittle the
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material is. Another way to increase GRFP composite strength is by increasing the fiber
volume percentage. Adding more glass fiber layers to a composite increases its tensile
strength, but it also thickens the material (Bourchak 2013). After too many glass fiber
layers are added, the epoxy cannot properly embed into all the fibers, causing large voids
to form and a reduction in tensile strength (Wang et al. 2015). For any project, it is
important to balance the material’s strength, ductility, and size to suit the project’s needs.

Figure 2.2: Young's modulus vs. fiber orientation of a GFRP
(Wang et al. 2013)
As a brittle material, GFRP composites fail suddenly and without much warning,
so it is imperative to understand their damage mechanisms and how the material fails.
The most common method in assessing damage to a GFRP specimen in tension is to use a
strain gage, but acoustic emission, ultrasonic, thermography, and radiography are other
nondestructive techniques to evaluate damage (Nair et al. 2018). Piezoelectric sensors are
used during an acoustic emission test to record the specimen’s sound amplitude and
energy (Arumugam et al. 2011). In a thermography test, a sensor monitors the surface
temperature of a specimen during testing. Damage to a specimen releases energy, which
is absorbed by the material in the form of micro cracks. In a thermography test, an infra-
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red camera can pick up the heat that is generated from the energy released (Bale et al.
2017). The thermography experiment conducted by Bale et al. (2017), determined macrocracks form inside of the composite which spread to the surface and eventually lead to
failure, at which point the GFRP reaches its highest recorded temperature. Through the
AE method, matrix cracking followed by fiber-matrix debonding were found to be the
first defects to occur in a specimen. The fibers then pull out of the matrix leading to
random fiber breakage and cause ultimate failure (Haggui et al. 2019). By recording the
specimen’s sound energy and amplitude, AE can even determine the failure mode of the
material (Nair et al. 2018). The three types of failure modes, shown in Figure 2.3, of
fiber reinforced polymers are brittle failure, brittle failure with fiber pullout, and brittle
failure with fiber pullout and interface matrix shear failure and constituent debonding
(Agarwal et al. 2015). Under brittle failure, or type I failure, the specimen splits into two
pieces with a distinct, straight failure plane. When a specimen has fiber pullout (type II
failure), the failure plane is jagged, as some of the fibers are protruding out of the plane.
Interface matrix shear failure and constituent debonding (type III failure) is not
characterized by one solid failure plane. Rather, the fibers have debonded from the matrix
and the failure may have sheared along the tensile direction of the specimen. The GFRP
does not always break into two separate pieces after shear failure and constituent
debonding. Typically, specimens with a low fiber volume percentage less than 40%
exhibit brittle fracture, specimens with a fiber volume percentage between 40 and 65%
result in fiber pullout, and specimens with a fiber volume percentage greater than 65%
result in matrix shear failure and constituent debonding (Agarwal et al. 2015). As more
fiber is added to the composite, less epoxy is needed to create a specimen of equal
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volume, so the fiber to matrix bond is much weaker. The failure modes and durability of
GRFPs can also be dependent on adverse conditions the material faces.

Figure 2.3: Failure modes of unidirectional composite subjected to longitudinal
tensile load: (a) brittle failure, (b) brittle failure with fiber pullout, and (c)
brittle failure with debonding and/or matrix failure (Agarwal et al. 2015)
2.2 DURABILITY
2.2.1 Fatigue
The durability of glass fiber composites over time is of interest because
infrastructure is governed by serviceability rather than strength (Ferdous et al. 2020). In a
fatigue experiment conducted by Ferdous et al. (2020), GFRP composites cyclically
loaded to 70% or more of their ultimate tensile strength failed by fiber tensile rupture
causing a matrix shear failure and constituent debonding in the middle. Composites
cyclically loaded to 60% of their tensile strength or less failed due to a stress
concentration causing a fiber pullout failure at the tabs. When loaded to 25% of the
tensile strength, the specimen did not fail after 8 million cycles. From the results, it was
determined that stress concentration is a type of fatigue failure that occurs when the
specimen’s cross-sectional area rapidly changes and undergoes many cyclic loadings.
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The strain rate at which GFRP specimens are loaded also play a role in the
material’s failure modes. Under quasi-static loading, the specimens typically exhibit
damage mechanisms such as fiber-matrix interface microcracks, fiber breakage, and
matrix microcracks, but specimens failed in dynamic loading show signs of debonding,
fiber pullout, fiber breakage, and matrix damage (Naresh et al. 2016). Dynamic loading
also has a significant impact on the tensile strength and strain of the material. An
experiment conducted by Naresh et al. (2016) found that as the strain rate acting on a
GFRP composite increases, its tensile strength and Young’s modulus also increase, but
the ultimate strain decreases. In other words, GFRPs can manage more load under rapid
loading, but the material becomes much more brittle. These results were confirmed by
another experiment conducted by Ou and Zhu (2015). By increasing the strain rate of
GFRP composites from quasi-static to 160 s-1, it was also concluded that tensile strength,
toughness, and Young’s modulus all increase with increasing strain rate, but the
material’s ultimate and maximum strain is much less for dynamic loading. The tensile
strength increased as much as 54.4% from 703 MPa at static loading to 1048 MPa at a
strain rate of 160 s-1. The tensile strength increases with higher strain rates because the
material defects do not have enough time to initiate, and the damage is spread more
throughout the composite rather than just at the failure surface. Looking at the fractured
surface, many fibers were pulled out during high strain rate tests, indicating the fibers
help dissipate the energy in the specimen. The dynamic tests produced much more
variance than the static tests due to vibrations caused by impact, but otherwise match the
conclusions of Naresh et al. (2016).
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2.2.2 Moisture
Wang et al. (2015) researched the durability of GFRPs submerged in tap and salt
water while loaded to 0%, 10%, and 20% of their ultimate tensile strength. After initial
submersion and loading, the specimens had a slight increase in tensile capacity, but the
strength began to decrease the longer it was sitting in water. The sustained loads caused
the material to creep, realigning the fibers in the tensile direction and causing an initial
increase in strength, but the water ultimately penetrated the material and degraded its
strength.

Figure 2.4: Absorption curves for GFRPs held in salt water and
tap water under different loading conditions (Wang et al. 2015)
Since much of the world’s infrastructure is exposed to weather, the durability of
GFRPs subjected to moisture and humidity must be examined. As previously mentioned,
moisture has an adverse effect on GFRP’s tensile strength. Going back to the experiment
conducted by Wang et al. (2015), a GFRP’s moisture content increases as it is held
underwater, but after about 160 days of submersion, the moisture content of the material
begins to decrease, shown in Figure 2.4.
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Initially, the material absorbs moisture. After an extended period, the water acts
as a plasticizer to chemically break down the polymer chains’ Wan-der-Waals bonds in
the matrix, dissolving part of the material through diffusion and stress corrosion from the
sustained loads (Al-Salloum et al. 2012). Diffusion and stress corrosion work together,
causing hydrolysis to the resin and loosening the fiber-matrix bond which caused a
decrease in the material’s moisture content. Because the water deteriorated the fiber to
matrix interface, it caused drastic impacts to the material’s tensile strength.
GFRP composites have been found to absorb moisture much more rapidly at
elevated temperatures (Al-Salloum et al. 2012; Wang et al. 2015). Additionally, saltwater
degrades the fiber-matrix bond more significantly compared to tap water because
chlorine ions from the saltwater react stronger to the metal ions in the E-glass fiber
(Wang et al. 2015). This means heated salt water degrades a GFRP’s tensile properties
much quicker than if the water was either from a tap or at a cooler temperature. GFRPs
subjected to salt water and tap water both experience Fickian behavior until hydrolysis
degrades the matrix. Fick’s law is a popular model used by researchers to predict a
GFRP’s moisture diffusion over time where the moisture content (M t) can be
approximated by Equation (2.1) (Bain et al. 2012; Wang et al. 2015):
M =M

1 − exp −7.3

Dt
h

.

(2.1)

where M∞ is the equilibrium absorption amount, and h is the specimen thickness. D is the
mass diffusivity coefficient calculated through Equation (2.2):
D=π

h
4M

M −M
√t − √t

(2.2)
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where t1 and t2 are two points in time during which the Fickian curve is linear. Although
Fick’s law does not consider degradation of a material, it is useful to understand the water
absorption of a material over a relatively brief period of time.
A study conducted by Bian et al. (2012) confirms that water absorption weakens a
GFRP’s tensile properties and explains the three ways water can enter the material: water
molecules can diffuse into the matrix, the fiber-matrix interface capillarity effect speeds
up diffusion of water molecules, and voids and micro-cracks in the matrix store water
(Bian et al. 2012). The composite’s matrix is clearly the main way for water to enter the
material, which is reasonable because of glass fiber’s hydrophobic nature. Specimens
made only of resin have higher absorption capacities compared to composite specimens,
but composites with a higher fiber content absorb more water than specimens with lower
fiber volumes (Bian et al. 2012). The higher fiber specimens have more micropores
existing between fibers and interface capillary paths, so more water can travel into the
material (Bian et al. 2012). As more fiber is added to the composite, the matrix may not
be able to fully bond to all the fibers, causing micro voids and capillary paths to exist,
allowing water to penetrate the material and fill the open spaces (Wang et al. 2015).
Bian et al.’s (2012) experiments set out to determine if water absorption’s effect
on GRFP’s tensile and flexural properties is an irreversible or reversible change. If a
material is subjected to an external condition and its original properties remain the same
after the condition is removed, then it is considered a reversible change. If the material’s
properties changed after the condition is removed, then it experienced an irreversible
change. For example, elastic and inelastic deformations are reversible and irreversible
changes, respectively. Studies have found that a composite’s matrix experiences both
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reversible and irreversible changes when exposed to water (Bian et al. 2012; Wang et al.
2015). Water molecules in between polymer chains can be volatilized and restore tensile
and flexural strength to the resin, allowing for a reversible change. However, when water
molecules enter the material’s micropores, the water cannot be fully desorbed which
results in an irreversible change (Böer et al. 2013). In the end, the matrix has a partial
recovery of tensile and flexural strength rather than full recovery because the water
cannot escape the micropores, causing a reduction in strength. If the material is not
immersed in water for too long, GFRPs will also regain partial strength after dried. For
instance, the specimens from Bian et al.’s experiment decreased in tensile strength by
13% after 42 days of immersion in seawater but recovered about 97% of the original
strength after desorption. If GFRPs are submerged in water for too long, the fibers will
irreversibly begin to debond from the matrix interface (Bian et al. 2012). Once the fiber
to matrix bonds have been compromised, the matrix cannot re-bond to the fibers after the
water evaporates, permanently weakening the structural integrity of the material.
Moisture is the most harmful effect on the durability of fiber reinforced composites, but
there are still other conditions that degrade the material’s properties.
2.2.3 Temperature
Other than moisture, exposure to temperature also plays a role in degrading
GFRPs’ tensile behavior over time. Glass fibers are temperature resistant, meaning they
retain their strength and stiffness in varying temperature conditions, but matrices are
susceptible to elevated temperatures (Wang et al. 2015). At a certain temperature, the
matrix reaches its glass transition temperature: the point at which the material transforms
from a brittle, hard material into a ductile, rubbery one. At the glass transition
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temperature, the matrix softens which allows the material to elongate with less resistance,
causes the fiber-matrix interface to weaken, and decreases the material’s tensile strength
(Ou and Zhu 2015). The first sign of resin damage and strength reduction occurs around
15oC - 20oC below the material’s glass transition temperature (Campana et al. 2017;
Wang et al. 2015). This phenomenon is confirmed by the previously mentioned
experiment conducted by Ou and Zhu (2015). From their experiments, the tensile strength
of GFRPs decline as temperature increases, but the rate of degradation is highest at hot
temperature zones, as shown in Figure 2.5. The matrix reaches its glass transition
temperature causing the material to soften and increase the rate at which the tensile
strength degrades. Also, the ultimate and maximum strain in the GRFP specimen was
constant at temperatures between -25oC and 50o C but begin to increase with rising
temperature conditions. Again, this provides more evidence that the matrix softens
because the material can elongate much easier at elevated temperatures. It also shows that
the matrix’s tensile properties are most stable below the glass transition temperature but
degrade rapidly when the material is heated further.
When subjected to freezing temperatures, GFRP’s matrix stiffens which causes an
increase in tensile strength (Mathieu and Benmokrane 2009; Ou and Zhu 2015). As
shown in Figure 2.5, the tensile strength of a GFRP slightly increased the lower the
testing temperature was. Although a slight increase in tensile strength with decreasing
temperature was observed, it is not a significant difference when compared change in
tensile strength after the material is heated near its glass transition temperature.
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Figure 2.5: Tensile strength vs. temperature (Ou and Zhu 2015)
In a study conducted by Li et al. (2011), the fatigue behavior of GFRPs due to
freeze-thaw cycles was examined. With increasing freeze cycles, the tensile modulus and
strength did not change, but elongation at failure increased. This study is of importance
because GFRPs can effectively be used in climates with cold winters and warm summers.
Internal strains were found in the material during the freeze-thaw cycle which can be
attributed to the atoms contracting as they lose energy when frozen and expanding when
heat gives them more energy. The length of the specimen followed its molecular trend
because the material elongated in warm temperature when the molecules expanded and
shrunk in cool temperature when the molecules contracted. In conclusion, temperature
only plays a significant role in a GFRP’s loss in strength when it is placed in an
environment near and above its glass transition temperature.
2.2.4 UV
Long term exposure to sunlight can cause slight damage to the mechanical
properties of fiber reinforced composites. UV rays cause photochemical damage to FRP’s
surface causing discoloration and reduction in molecular weight (Wang et al. 2015). Solar
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radiation only damages the top 50-100µm of the matrix’s surface but can cause stress
concentrations due to increased polymer chain linking, allowing the ingress of water
(Böer et al. 2013). These stress concentrations also cause the GRFP to become more
brittle. Luckily, a UV-protective coating can be put on top of the material to reduce the
harmful effect of the sun (Böer et al. 2013).
2.3 LUMINESCENCE
GFRP’s can become self-luminous by mixing light conversion agents into the
matrix. Light convergent agents are energy-storing materials that collect energy from
surrounding light, such as the sun, and release this energy in the form of light that can be
seen after the original light source has been removed (Zhu et al. 2016). Self-luminous
GFRPs can provide an environmentally friendly way of producing light because they do
not need electricity to illuminate. In addition, these materials are thermally emissive and
solar reflective, meaning they do not produce or store much heat which leads to a cooler
environment (Chiatti et al. 2021). Self-luminous FRP composites can be used on
applications such as emergency signage or building aesthetics, and can even omit
assorted colors, such as purple, red, green, and blue. The blue and green phosphors used
to generate color have a stronger afterglow performance than the red and purple
phosphors, meaning they emit light for longer and with more intensity (Zhu et al. 2016;
Chiatti et al. 2021). Having prolonged and intensified light allows for more of the
surrounding area to be illuminated and the glow can remain visible for longer, or
throughout the nighttime.
In outdoor applications, self-luminous powder works by harnessing the sun’s
energy to stimulate the electrons in the light convergent agent to an excited state where
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they release their energy in the form of light (Zhu et al. 2016). By adding this light
conversion agent into a glass fiber reinforced polymer, the material can transform the
surrounding light into energy that can then produce its own light. This photo luminescent
phenomenon occurs immediately in the presence of light, but longer solar exposure leads
to longer, brighter, and more colorful light emittance (Chiatti et al. 2021).
As many researchers found, the lightness experienced logarithmic decay as soon
as the solar radiation was removed (Bai et al. 2015; Chiatti et al. 2021). The brightness in
which a self-luminous matrix can glow after removing its light source, or its afterglow
brightness, can be expressed as
L(t) = L Φe

/

(2.3)

where Lo is the initial intensity of the afterglow material per unit area, Φ is the
photoluminescence quantum yield of the afterglow material, and τ is emission lifetime of
the afterglow materials (Sun et al. 2021). As seen from the equation, a material with high
initial glow, quantum yield and emission lifetime will have the longest and highest
afterglow brightness. The afterglow brightness is most significantly influenced by the
light conversion agent’s pigment chemical composition, or color, followed by the length
of time since light removal (Chiatti et al. 2021).
As previously discussed, GFRPs can be used as a light source with the addition of
self-luminous powder, but the mechanical properties of self-luminous GFRPs must be
studied to ensure they are applicable in practice. Self-luminous powder plays little effect
on a GRFP’s tensile properties. The addition of luminous powder into a GFRP’s matrix
has a negligible effect on the material’s short-term load displacement response, failure
mode, ultimate strength, and ultimate strain (Bai et al. 2015). As seen in Figure 2.6, SEM

21
images of failed specimens show that powder had proper embedment into the epoxy and
was only found in gaps between fiber layers rather than in the fibers themselves. The
powder has a larger particle size compared to glass fiber (Wang et al. 2019), so it is
reasonable that the powder does not embed into the fibers. The fibers are therefore
virtually undisturbed, so their full tensile properties can still be developed. Although the
fibers are undisturbed, the matrix loses some of its strength. In one study, it was found
that an FRP’s tensile properties experienced a slight decrease as the amount of luminous
powder in the matrix increased (Wang et al. 2019). Based on this study, the tensile
strength and the ultimate strain only decreased by 5.07% and 4.84%, respectively when
80% of the epoxy weight was luminous powder. This small loss of tensile capacity can be
attributed to the excess of powder separating the bonds of the matrix and fibers. Since the
fiber’s tensile strength is much higher than that of the matrix, only a slight degradation in
strength is observed.

Figure 2.6: SEM image of self-luminous embedment into GFRP
(Bai et al. 2015)
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2.4 NATURAL FIBERS AND HYBRID COMPOSITES
Natural fiber reinforced polymers are another type of FRP that are gaining
popularity because it is an environmentally friendly, cost-efficient substitute for GFRPs
with lower strength applications. Unlike glass fibers that are manufactured, natural fibers
often come from fast growing plants. Sisal, jute, and flax are the most commonly used
natural fibers. Sisal fibers are extracted from sisal leaves using a knife and are left to dry
before being knotted into a continuous fiber (Ramesh et al. 2013). Jute can grow between
12 to 15 feet in three months and their fibers are extracted by cutting the plant and
immersing it in water, allowing the fibrous outer stem to separate from the inner stem
(Ramesh et al. 2013). Although flax does not grow as quickly as jute, it grows about 3 to
5 feet in 110 days and is collected from the plant’s inner bark (Naresh et al. 2016). The
speed at which these natural fibers grow make them easily available and cheaper to
produce than synthetic fibers, like glass fiber.
Natural fibers are advantageous over glass fiber because they exhibit superior
mechanical properties such as flexibility, modulus, and stiffness (Ramesh et al. 2013) and
are about half as dense (Zhang et al. 2013). Natural fibers can be more versatile than
glass fibers and carry a fraction of the weight. These benefits come at a cost, however.
Glass fibers are significantly stronger than natural fibers. More layers of natural fibers are
needed to meet the strength of a GFRP, but the result is often lighter. A study found that
producing the additional natural fibers needed to match the strength of GFRPs is still
more environmentally friendly than producing the minimal glass fibers (Joshi et al.
2004). Natural fibers have widespread applications in the automotive industry because
they provide proficient strength and are light weight, saving fuel consumption. As
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environmental concerns increase, researchers have begun looking into bio-based plastics.
These naturally sourced plastics have the potential to replace epoxy and resin as a
composite’s matrix but are not currently a viable option because some have a shelf-life,
have weaker mechanical properties than thermoplastics, are more expensive, and still use
fossil fuels to manufacture (Faruk et al. 2013).
Natural fiber composites do not react well to water. Similar to GFRPs, tests on
natural composites have found water between polymer chains and cavities in the matrix,
the rate of moisture absorption increases with increasing fiber volume percentage and
temperature, and tensile strength decreases as saturation increases (Huner 2015). Unlike
glass fiber that rejects water, natural fibers absorb moisture which causes swelling (Huner
2015). Once water diffuses into the natural fiber, it breaks the intermolecular hydrogen
bonds and spreads the fiber’s polymer chains causing it to swell (Moudood et al. 2018).
Since natural fibers are extracted from vegetation, it is no surprise that they are
hydrophilic. When flax fiber bio-epoxy composites are submerged in water, placed in a
humid environment, and subjected to freeze thaw tests the swelling thickness of the
composite is 11%, 3.5%, and 1.9%, respectively (Moudood et al. 2019). The problem
with its absorption behavior is as the fibers swell, debonding occurs and tensile strength
degrades.
By incorporating glass fibers and natural fibers into one composite, a hybrid FRP
is created that is more sustainable than GFRPs and more durable than natural composites.
Hybrids have lower mechanical performance compared to GFRPs but are much stronger
than natural composites and can be used in medium strength applications (Ramesh et al.
2013). Hybrids are made in the same way as other fiber composites, except glass fibers
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and natural fibers are stacked on top of one another rather than one type of fiber being
used throughout. The tensile modulus of the hybrid composite remains the same
regardless of the fiber stacking sequence, but the tensile strength and strain of the
material increase as more hybrid interfaces are introduced (Zhang et al. 2013). For
natural hybrids, a hybrid interface is when a glass fiber layer is stacked next to a natural
fiber layer. Although tensile modulus is unaffected by stacking sequence, hybrids
perform best in flexure when glass fibers are on the surface layer (Samanta et al. 2015).
Obviously, the material will have the highest bending capacity when the strongest fibers
are placed furthest from the centroid. Not surprisingly, the tensile modulus and strength
drastically improve with an increasing volume fraction of glass fibers (Zhang et al. 2013).
When comparing natural hybrids, it was found that jute/GFRP hybrids have the highest
tensile strength while sisal/GFRP hybrids exhibit the best flexural strength and impact
resistance (Ramesh et al. 2013). As always, designers must decide which materials to use
to best suit the application of the project being worked on.
2.5 SUMMARY OF LITERATURE REVIEW
The findings and results from the literature review on glass fiber reinforced
polymers loaded in tension are summarized below:


The fiber to matrix bond is essential in transferring forces acting on the
polymer. If the bond is compromised, the composite’s mechanical properties
will weaken.



GRFPs are brittle materials that exhibit linear-elastic behavior until failure
during quasi-static loading.
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GFRPs exhibit the highest tensile strength when the fibers are orientated along
the tensile direction and exhibit the highest strain at a 45 o fiber orientation.



The three failure modes of FRPs are brittle failure, brittle failure with fiber
pullout and brittle failure with fiber pullout and interface matrix shear failure
and constituent debonding. Stress concentration can also occur as a fatigue
failure.



As GFRPs are subjected to higher strain rates, the modulus of elasticity and
the strength of the material increases, but the ultimate strain decreases.



Diffusion of moisture into the matrix degrades the fiber to matrix bond
leading to a weaker tensile strength. Higher temperatures and salt water
expedite the diffusion process.



The matrix softens at elevated temperatures as it reaches its glass transition
temperature, decreasing strength but increasing ductility.



The matrix stiffens at low temperatures and causes a slight increase in tensile
strength. This change in strength is much less significant compared to the
effect of temperatures near or at the matrix’s glass transition temperature.



The addition of luminous powder into the resin has negligible effects on a
GFRP’s failure mode, ultimate strength, and ultimate strain.



Natural FRPs have much weaker tensile strength compared to synthetic fibers
but provide an environmentally friendly alternative for low-strength
applications.
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CHAPTER 3 LUMINANCE TEST
This chapter discusses the specimen preparation and highlights the experimental
work for the luminance test in the control condition. The specimens were prepared by
following the established standards set by ASTM D-3039, and the matrix preparation
followed the manufacturer’s required procedure. Also, a breakdown of the raw materials
that were used for specimen preparation is provided. This chapter then explains the test
procedure for the luminance test and discusses its results in the control condition. The
chapter is then summarized by highlighting the major findings and conclusions.
3.1 RAW MATERIALS
To create the glass fiber reinforced polymer specimens in this experiment,
Simpson Strong-Tie’s CSS-ES Epoxy Primer was mixed with their CSS-ES Saturant.
This two-component epoxy is used to saturate the reinforcing fibers and serve as the
specimen’s matrix. According to the data sheet, the epoxy has a viscosity of 900 cps at
22o C, a clear to pale amber color, and a density of 9.2 lbs/US gal when mixed together. It
also has a tensile strength of 5,230 psi and maximum elongation of 1.73%. When creating
luminous specimens, Techno Glow Green Glow in the Dark & UV Pigment Powder was
mixed with the epoxy to make the material self-luminous. Techno Glow’s green color
was selected because green phosphors have been proven to have the strongest afterglow
performance. According to the specifications, the powder has a particle size of 50
microns and is temperature resistant up until 600o C.
Initially, Simpson Strong-Tie Woven E-glass fiber mat was used for the fiber
reinforcement. However, due to supply chain issues, these fibers could not be
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repurchased. Tyfo Fyfe SEH-51A reinforcing fabric was substituted for the remaining
specimens. Both of these mats were made from E-glass and shared the same thickness.
According to the Fyfe EH-51A data sheet, the fibers have a density of .092 lbs/in 2, a
tensile strength of 470,000 psi, and an ultimate elongation of 4.5%.
Smooth-On OOMOO 25 was used to create the specimen mold. This fast-curing
silicone mold was created by mixing the OOMOO 25 solution together and pouring it
over five 10”X0.5”X.1165” metal tabs in a cardboard box. After the silicon dried, it was
extracted from the box and ready for use. To ensure the specimens did not bind to the
silicone when curing, Smooth-On Universal Mold Release was lightly sprayed over the
mold before epoxy was poured in.
3.2 SPECIMEN PREPARATION
All the glass fiber reinforced polymers tested in this study were created in
Marquette University’s Engineering Materials and Structural Testing Laboratory
(EMSTL). Over 150 GFRP specimens were created from a woven E-glass fiber mat and
Simpson Strong-Tie CSS-ES Epoxy Primer and Saturant. Initially, the Simpson StrongTie glass fiber mat was used to create the control specimens, but due to a limited supply
and inability to purchase more, Fyfe SEH-51A reinforcing fabric was substituted.

Figure 3.1: The E-glass mat and the metal bar used to cut fibers
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ASTM D-3039 recommends 0o unidirectional FRPs to be 10” X .5”. To cut fibers
to the appropriate length and width, a thin 10” X .5” metal bar, orientated parallel to the
fibers, is overlayed on the E-glass mat. Using the bar as a template, a box cutter cut the
glass fibers to the bar’s dimensions, as shown in Figure 3.1. This process was repeated
until five glass fiber strips had been cut. To create the GFRP’s matrix, a 250 mL beaker
was placed on a scale and zeroed out. Then, 50 mL of Simpson Strong-Tie Epoxy Primer
and 25mL of Simpson Strong-Tie Saturant were poured into the beaker and the weight
was recorded. Techno Glow green glow powder was then added to the beaker as a
percentage of the epoxy’s weight, if needed. In this study, the luminous powder in the
specimens ranged from 0% to 80% of the epoxy weight with increments of 20%. The
primer, saturant, and luminous powder were then mixed with a stirring rod for five
minutes. To eliminate air bubbles in the mix, the beaker was placed in a vacuum for five
minutes and the remaining bubbles on top are eliminated using a cotton swab. While the
epoxy is in the vacuum, a silicon mold with five 10” X .5” X .1165” cutouts was sprayed
with mold release, so the epoxy does not adhere to the silicon as it cured. The molds were
then filled up halfway with the epoxy solution. One glass fiber strip was laid over top
each cutout and pressed into the epoxy. Once the fibers completely soak into the epoxy,
the rest of the mold was filled with epoxy and the stirring rod was rolled over top to
flatten the specimens, clear excess epoxy, and release any air voids. Figure 3.2 shows
what the specimens look like after being placed in the mold and rolled out by a stirring
rod. The specimens are then left to air dry for 24 hours in ambient temperature before
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they are extruded from the mold. The box cutter trimmed the excess epoxy on the edges
after hand extrusion.

Figure 3.2: Wet specimens
3.3 TEST PROCEDURE
The self-luminous GFRP specimens were tested for light emittance over time. To
do so, a specimen was placed in the middle of a 26” X 26” X 26” closed studio box as
shown in Figure 3.3. LED light strips, attached to the top of the box, are turned on for 5
minutes to activate the specimen, shown in Figure 3.4. After 5 minutes, the box was
opened to slide the Extech light meter, sitting on a 1.5” tall chair, overtop of the specimen
before resealing the box. When the light meter was in place and the light box resealed,
the LED lights were turned off and a stopwatch was turned on. The luminance the
specimen emits, recorded in lux, was then recorded over time, see Figure 3.5, and the test
concluded when the light meter, with a precision of 0.01 lx, could no longer detect
luminance.
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Figure 3.3: Studio box used
for luminance testing

Figure 3.4: A specimen being
light activated in a studio box

Figure 3.5: Light meter recording the
luminance of a specimen
3.3 RESULTS
Initially, the amount of time needed to completely “activate” each specimen to
their maximum luminance was determined. The 5-minute LED activation time, as
mentioned earlier, was determined by conducting an activation study. The luminance test
with a varying activation time of 5, 7.5 and 10 minutes was conducted on three
specimens with luminous powder equaling 20%, 40%, 60% and 80% of the epoxy
weight. From this study, the light activation between 5 and 10 minutes displays no
significant change in luminance over time, so a 5-minute activation time was adopted for
the remainder of luminance testing. Figure 3.8 shows that the self-luminous specimens,
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regardless of the amount of Techno Glow powder added, had little variance as the light
activation time changed.

Figure 3.6: Light emittance
at the start of a test

Figure 3.7: Light emittance
at the end of a test

After the 5-minute activation time was adopted, the luminance test was then
conducted on five specimens for each % epoxy weight to study the effect of luminous
powder percentage on light output. To allow the light meter to adjust to the removal of
activation light, the first luminance reading was observed after 15 seconds. Although the
meter did not pick up any light less than .01 lx, the specimen was still visibly glowing at
the end of each test. Figure 3.6 and Figure 3.7 show the comparison between a specimen
at the start of a test and at the end.
Without any environmental stimulus on the GFRP specimens, called the control
condition, the amount of luminous powder significantly impacted the luminance intensity
and time of illumination. The specimens illuminated brighter and for longer as more
powder was added to the mix. The rate at which the luminance and duration increased,
however, became less gradual as the % epoxy weight increased, as shown in Figure 3.9
and numerically imputed into Table 3.1. The figure clearly shows a significant increase
in light intensity from 20% wt. to 40% wt. The intensity increases slightly less from 40%
to 60%, and there is a gradual increase from 60% to 80%. Based off the values provided
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in the table, the initial luminance increased about 108% and the duration increased about
78% between the 20% and 40% epoxy weight. However, while the initial luminance and
time increased only about 4% and 18%, respectively, between 60% and 80% epoxy
weight. Adding luminous powder beyond 80% of the epoxy weight will not significantly
increase the amount of light output or its duration.
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Figure 3.9: Averaged luminance over time for control condition
Table 3.1: Luminance behavior for varying % epoxy wt. for control condition
% Epoxy
Wt.
20% wt.
40%wt.
60% wt.
80 % wt.

Control Condition
Initial Luminance Time until zero
(Lux)
Emittance (min)
5.43
9
11.29
16
15.19
22
15.83
26

3.4 CONCLUSIONS
Self-luminous GFRPs made with Techno Glow green luminous powder take five
minutes to fully activate under LED lights. After fully activated and the light source was
removed, the luminance of these GFRPs experienced logarithmic decay. By adding more
luminous powder, the afterglow performance improved, but not in a linear fashion. A
self-luminescent GFRP’s luminance and length of emittance increased significantly as the
amount of luminous powder increased from 20% to 40% of the epoxy’s weight, but the
luminance and length saw a much gradual increase between 60% and 80% epoxy weight.
Additionally, self-luminous GFRPs will likely experience slight change in brightness and
duration if more than 80% luminous powder is added to the matrix.
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CHAPTER 4 MECHANICAL PROPERTIES
This chapter establishes the tensile test procedure and discusses the results for
self-luminous GFRPs in the control condition. The tensile test procedure follows the
ASTM D-3039 specification and is conducted using a 20 kip actuator. The mechanical
properties of self-luminous GFRPs in the control condition are then displayed and
analyzed. In addition to studying GFRPs with varying luminous powder concentration,
the mechanical properties of the fibers and matrix are individually tested and compared.
Also, the mechanical properties of GFRPs made with Simpson Tie-Strong and Tyfo glass
fiber mats are examined. Lastly, the experimental results are summarized, and
conclusions are drawn based on the data.
4.1 TEST PROCEDURE
After the luminance tests, the specimens were subjected to a quasi-static tensile
test as defined by ASTM D-3039. The surface at the center of each sample was sanded
thinner by hand to facilitate failure near the middle of the specimen. To determine the
cross-sectional area, the specimen’s width and thickness were measured with a caliper
and averaged from three measurements at separate locations near its center. Each
specimen was then placed into a 20-kip hydraulic actuator and loaded at a strain rate of
.05 in/min until failure. An MTS extensometer was fastened along the length of each
sample to record the strain of the material during testing, and three data samples were
collected every second. The extensometer’s teeth sat on a small piece of athletic tape
wrapped around the specimen’s smooth surface to reduce slipping as the epoxy cracked
during testing. The testing setup can be seen in Figure 4.1. If failure occurred within or at
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the edge of the grips, the failure results were considered invalid. The modulus of
elasticity was still determined from these tests, but the tensile strength and ultimate strain
were not. From each test, the load acting on the GFRP, the corresponding strain it
experienced, and the failure type and location were recorded. Each specimen was labeled
as GXX-##Y, where G stands for glass fiber, XX is the % epoxy weight of luminous
powder used, ## is the specimen number, and Y is the type of test conducted (BlankControl, W-Water, UV-Ultraviolet, H-Heat, F-Freeze).
4.2 MECHANICAL PROPERTIES OF SELF-LUMINOUS GFRP

Figure 4.1: Tensile test setup
Figure 4.2 shows the stress vs. strain plot of all the tested control specimens. All
the specimens exhibited type III failure mode (brittle with fiber pullout and debonding)
except for the two 60% luminous specimens that exhibited type II failure mode (brittle
with fiber pullout). This means about 15% of specimens exhibited Type II failure and
85% exhibited Type III failure. During the test, cracking could be heard and seen running
perpendicular to the tensile direction. This cracking induced rapid movements in the
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extensometer which caused the jagged points in the stress vs. strain plot. The 0% and
80% failed specimens can be seen in Figure 4.3 and Figure 4.4.

Figure 4.2: Stress vs. strain plot for control condition
From this study, the amount of luminous powder added to the matrix did not
significantly affect the GFRP’s tensile strength until 60% epoxy weight or more powder
was added. The average tensile strength of the specimens with 0-40% luminance is
roughly 24.5 ksi while the strength of the 60% and 80% luminance specimens are 20.1
ksi and 22.66 ksi, respectively. The strength vs. luminous powder chart is shown in
Figure 4.5. An error bar is provided on this chart to indicate the range of values recorded.
The error bar shows the data’s range instead of standard deviation, because often only
two or three test specimens resulted in a satisfactory test. With such a small sample,
standard deviation would not accurately describe a GFRP’s variation. The results,
however, can be used in future research to gain larger sample sizes and more meaningful
standard deviations.
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Figure 4.3: 0% epoxy wt. failed
specimens

Figure 4.4: 80% epoxy wt. failed
specimens

Initially, the GFRP’s tensile strength remained the same as more luminous
powder is added to the matrix, but this strength slightly decreased after a certain
concentration was met. At around 60% luminance, there was likely too much glow
powder in the matrix, hindering the epoxy to fully bond to the fibers and causing a
reduction in strength. Surprisingly, the 80% epoxy wt. specimens’ tensile strength was
over 2.5 ksi higher than the 60% epoxy wt. This was likely due to clustering of luminous
powder within the matrix. Mixing the luminous powder with epoxy and pouring it into
the molds was a variable process. Small clusters of powder could still exist after mixing
the epoxy or could be more concentrated in a certain area of the specimen after the matrix
was poured in the mold. These small clusters or higher powder concentrations could have
blocked the epoxy from properly bonding to the fibers, creating a weak point in the
specimen. As more luminous powder was used, the possibility of clusters blocking the
fiber to matrix bond should increase, but since mixing the powder and epoxy together
creates a random distribution of powder, it is possible that the 60% specimens had either
larger clusters or concentrations of luminous powder in the material.
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Figure 4.5: Average tensile strength vs. luminous powder
The results indicate that the ultimate strain remained unaffected with the addition
of luminous powder. As shown in Figure 4.6, the average ultimate strain was consistent
among specimen types, except for the 60% luminance specimens. The 60% specimens
seem to be an outlier since they had a much lower ultimate strain than the 40% and 80%
luminance specimens. This provides more evidence that powder concentrations or
clusters likely formed when creating these specimens. The luminous specimens have
much more variance in ultimate strain than the non-luminous specimens, showing that the
addition of luminous powder induces more variation.

Figure 4.6: Average ultimate strain vs. luminous powder
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The GFRP’s average elastic modulus increased as the luminous concentration in
the matrix increased, as shown in Figure 4.7. This means that a self-luminous GFRP gets
stiffer as more luminous powder was used. Again, the additional luminous powder caused
the specimens to have more variable results.

Figure 4.7: Average elastic modulus vs. luminous powder
The average values and their standard deviation of each specimen type’s tensile
strength, ultimate strain and elastic modulus can be seen below in Table 4.1.

Table 4.1: Material properties for control condition
Specimen
Type
G0
G20
G40
G60
G80

Tensile Strength (ksi)
Averaged
Standard
Values
Deviation
24.31
1.38
24.84
1.94
24.65
0.96
20.10
1.30
22.95
1.14

Ultimate Strain (in/in)
Averaged
Standard
Values
Deviation
0.0185
0.0002
0.0180
0.0016
0.0183
0.0012
0.0159
0.0013
0.0180
0.0013

E (ksi)
Averaged
Standard
Values
Deviation
1559.4
120.9
1769.0
165.2
1854.8
55.3
2054.4
266.1
1934.2
139.2

4.3 MATRIX AND FIBER STRENGTH
The tensile strength of the fibers and the matrix were also analyzed in this study.
The matrix was tested by creating specimens from epoxy without luminous powder. To
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test the fibers, their ends were embedded into epoxy, but the middle remained free, as
shown in Figure 4.8.

Figure 4.8: Fiber only specimens
As expected, the results, displayed in Table 4.2, show that the fibers had the
highest tensile strength at 63.05 ksi, followed by the GFRP and matrix at 25.79 ksi and
2.96 ksi, respectively. The ultimate strength of an FRP can be determined theoretically
using Equation (4.1) below:
σ

,

=σ, V

(4.1)

where σf,ult is the fiber’s ultimate tensile strength and Vf is the fiber volume fraction. With
a fiber volume fraction of about 30% the theoretical ultimate tensile strength of one
GFRP specimen would be about 19.2 ksi. Compared to the measured tensile strength of
the GFRP, the theoretical values have a percent difference of about 29% lower than the
experimental value. A possible explanation for this difference is that when loaded to
failure, the fibers began fracturing from the outside and began moving inward as the test
proceeded. Because the fibers are constrained by the matrix in a GFRP, these specimens
failed completely and suddenly. The GFRP specimens seem to have been able to utilize
the strength of all the fibers at once before failure rather than having the outside portions
of the fibers fracture before the interior fails.
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Table 4.2: Tensile properties of GFRP, matrix, and glass fiber mat
Tensile Strength (ksi)

Ultimate Strain (in/in)

Specimen
Averaged Standard Averaged
Type
Values
Deviation
Values

Standard
Deviation

E (ksi)
Averaged Standard
Values
Deviation

G0

25.79

1.56

0.018

0.0027

1689

237

M
F

2.96
63.05

0.36
1.88

0.006
-

0.0009
-

493.1
-

73
-

A stress versus strain plot of the GFRP and matrix specimens is shown in Figure
4.9 below. The plot shows the immense difference between the strength of a matrix-only
specimen and a specimen with glass fiber. The GFRP specimens have a much higher
tensile strength, elongation, and modulus of elasticity. Clearly, the glass fiber provides
the majority of a GFRP’s strength. Interestingly, there is little variation between the
matrix specimens, while the GFRP specimens noticeably deviate from one another. These
results are reasonable because the matrix should be the same size and consistency each
time, so its results should be consistent. Cutting the glass fibers by hand can lead to slight
variations in size, which effects tensile properties. Also, fibers cannot be cut perfectly
straight and aligned exactly parallel to the longitudinal direction when placing them in
the mold. Additionally, kinks within fiber strands reduce the strength of the fiber. With so
many possibilities for fiber variation, the tested GFRPs were not exactly the same and
lead to variable results.
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Figure 4.9: GFRP and matrix stress vs. strain plot

4.4 SIMPSON STRONG-TIE VS. TYFO GFRP
As previously mentioned, a Simpson Strong-Tie glass fiber mat was used for the
control specimens, but the remaining specimens were made from Tyfo SEH-51A
reinforcing fabric due to inability to obtain more Simpson Strong-Tie glass fibers. A set
of five Tyfo SEH-51A GFRPs were compared with the control specimens. Based on the
results, the two fiber mats appear to have similar mechanical properties. As seen in
Figure 4.10Figure 4.10: Simpson Strong-Tie GFRP vs. Tyfo GFRP and Table 4.3, the
two mats appear to have closely related results. The percent difference for tensile
strength, ultimate strain, and modulus of elasticity are approximately 5.9%, 1.1%, and
8%, respectively. Because both mats are made from E-glass fibers, it is no surprise that
their GFRP specimens produced very similar results. Because the results are so similar,
the control specimens made from the Simpson Strong-Tie fiber mat can be used to
compare with the other specimens made with the Tyfo reinforcing fabric.
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Figure 4.10: Simpson Strong-Tie GFRP vs. Tyfo GFRP
Table 4.3: Simpson Strong-Tie GFRP vs. Tyfo GFRP
Fiber
Type

Tensile Strength (ksi)
Averaged
Values

Simpson

24.31

New

25.79

%
Diff
5.9%

Ultimate Strain (in/in)

Standard
Deviation

Averaged
Values

1.38

0.019

1.56

0.0183

%
Diff
1.1%

E (ksi)

Standard
Deviation

Averaged
Values

0.0002

1559.38

0.0027

1689.18

%
Diff

Standard
Deviation

8.0%

120.91
237.17

4.5 CONCLUSIONS
Luminous powder does not have a significant effect on a GFRP’s tensile strength
and ultimate strain. From the results, self-luminous GFRPs had a slight reduction in
strength when more than 60% luminance is used, but overall, the luminous powder does
not significantly impact the material’s strength. It can be concluded that the luminous
powder did not affect the fiber to matrix bond until 60% or more luminance was used.
The elastic modulus, on the other hand, increased as the percentage of luminous powder
increased, creating a stiffer material. Unsurprisingly, the introduction of luminous
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powder into the GFRP creates more variable tensile properties. Clusters of powder can
exist if the matrix solution is not fully mixed, or powder concentrations can build when
pouring the matrix allowing for variations in the matrix and the fiber matrix interface.
The fibers account for the majority of a GFRP’s tensile strength, but they also
cause variation. If the fibers are not cut to the exact same dimensions or the orientation is
slightly off, then the results will vary between tests. Testing the matrix alone generates
consistent results because the material is isotropic, and the mold ensures equivalent
dimensions. Additionally, it was determined that glass fibers of the same type, but from
different companies had similar tensile properties.
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CHAPTER 5 DURABILITY & ENVIRONMENTAL EFFECT
In this chapter, the durability of self-luminous GFRPs is studied after specimens
were subjected to various environmental conditions. Specimens were submerged in water
for 150 days, subjected to frozen temperatures for a week, heated for four days, and
placed in a UV oven for 10 days. The test procedure for each environmental condition is
explained and the mechanical and luminous results are provided and discussed
throughout the chapter. At the end, the results are summarized, and the major conclusions
are presented.
5.1 WATER EFFECTS
5.1.1 Test Procedure
To evaluate the effects water has on self-luminescent GFRPs, specimens were
submerged in ambient tap water before their tensile and luminance properties were tested.
Due to time constraints, only GFRPs with 0% and 40% luminance were tested. The
results of the 0% luminous specimens showed how typical GFRPs reacts to water and
were used to compare with the results of self-luminous GFRPs. The 40% luminous
specimen type was selected because of its strong luminous qualities and its lower powder
content should lead to less variable results. The tensile and luminance tests were
performed after 7, 28, 90, and 150 days of submersion. To determine the material’s
moisture content over time, the weight of each specimen was recorded before submersion
in water and after 5 hours, 20.5 hours, 29 hours, 7 days, 28 days, 90 days, and 150 days
of submersion.
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5.1.2 Moisture Content Results
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Figure 5.1: Average moisture content over time
GFRPs experienced their highest rate of absorption when first introduced to
water, as shown in Figure 5.1. Within 29 hours of submersion, the GFRPs already had a
moisture content of about .5%. As time submerged increased, the rate at which water
diffused into the material decreased. After about 90 days, the moisture curve begins to
flatten around 2% and only a slight increase in moisture content was observed. Selfluminous GFRPs experienced less water absorption compared to the same material
without luminous powder. An explanation for this phenomenon could be that the
luminous powder had already reached its absorption capacity by absorbing the moisture
in the epoxy when mixed together. The luminous powder likely could not absorb any
water causing self-luminous GFRPs to have a lower absorption capacity compared to
typical GFRPs.
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5.1.3 Luminance Test Results
As shown in Figure 5.2 and Table 5.1, the submerged specimens followed the
same trend as the dry condition but experienced a slightly smaller initial luminance and
had a similar time of emittance. Other than a slight decrease in initial brightness, water
did not have a significant impact a GFRP’s luminance.
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Figure 5.2: Luminance over time for submerged specimens
Table 5.1: Luminance vs. days submerged
Time until
Initial
Days
zero
Luminance
Submerged
Emittance
(Lux)
(min)
0
11.29
16
7
9.07
19
28
9.31
17
90
9.25
15
150
9.18
15

5.1.4 Tensile Test Results
Figure 5.3 shows the stress versus strain plot of all the submerged specimens.
Unlike the control test, little cracking was heard or seen while testing these specimens,

5
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meaning the specimens displayed little to no warning before failure. Roughly 26.7% of
the 0% luminance specimens experienced Type I failure, 60% failed in type II, and
13.3% failed in type III. For the 40% luminance specimens, 12.5% failed in type I, 37.5%
failed in type II, and 50% failed in type III. The longer the specimens were submerged,
the more often they exhibited type I failure, showing that moisture causes GFRPs to have
a brittle failure mode. Water degrades a GFRP’s fiber to matrix interface and causes
debonding after the material is exposed for prolonged periods (Bian et al. 2012; Wang et
al. 2015). The failure modes and less cracking during testing, compared to the control
experiment, provide evidence that the water caused the fibers to debond from the matrix.
After debonding occurred, the matrix was much more likely to fail across the fibers rather
than shear through the matrix, like what was seen during the control tests.

Figure 5.3: Stress vs. strain plot of submerged specimens
Additionally, the specimens in this experiment deformed after prolonged exposure
to the water by curling upwards along their weak axis, as shown in Figure 5.4. This
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phenomenon is likely caused by eccentrically placed glass fibers and the hydrophilic
nature of the matrix. The matrix absorbed water and likely expanded as a result, while the
glass fibers did not expand because they do not absorb moisture. If the fibers are not
placed at the center of the specimen, the half of the specimen that is mostly matrix will
expand slightly more than the side that has the more glass fibers in it, causing a curvature
of the specimen.

Figure 5.4: Deformed specimens after prolonged water exposure
The average tensile strength, ultimate strain, and elastic modulus of the 0% and
40% luminance specimens over time submerged in water are shown in Figure 5.5. An
error bar is also provided in the figure to show the range of data collected. As moisture
content increased the tensile strength of the GFRP decreased, regardless of if luminous
powder was in the specimen or not. The 0% luminance specimens had a slightly higher
strength after 7 and 28 days than the control condition, but also had a broad range of
values. The lower range of these values fell near the average value of 40% specimens,
where the values are expected to be near. After a prolonged period submerged, both the
specimens saw a significant decrease in tensile strength. After 90 days submerged, the
tensile strength of the 0% and 40% specimens decreased a total of 17.9% and 16.5%,
respectively. After 150 days, the tensile strength remained remarkably similar as after 90
days of submersion. The moisture content only slightly increased after 90 days
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submerged, so without addition water observed, the tensile strength remained the same.
This shows that a GFRP’s tensile strength is affected by the moisture content rather than
the time submerged under water.

(a) Tensile Strength vs. Time Submerged (b) Ultimate Strain vs. Time Submerged

(c) Elastic Modulus vs. Time Submerged
Figure 5.5: Average tensile properties of submerged specimens
Furthermore, the ultimate strain decreased the as the moisture content increased.
Shown in Figure 5.5b, the ultimate strain decreased as the length of time under water
increased, until the material neared its absorption capacity. Like the tensile strength, the
ultimate strain was similar after 90 and 150 days submerged. The elastic modulus
remained roughly the same between specimen types regardless of submersion time. The
results, however, were much more variable compared to the control test, as shown in
Figure 5.5c. The 40% luminance specimen had a slightly higher elastic modulus than the
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0% specimens, but this was expected based on the results in chapter 4. Although the
average elastic modulus was similar to the control condition, there was much more
variance in the results. Overall, the self-luminous GFRP had similar results or fell in the
range of the nonluminous GFRP, so it can be concluded that the addition of luminous
powder does not affect how a GFRP reacts to water.
5.2 TEMPERATURE EFFECTS
5.2.1 Test Procedure
In this portion of the experiment, specimens were subjected to either hot or
freezing temperatures and assessed for light emittance and tensile strength, as described
in chapters 3 and 4. For the heated experiment, specimens were placed in an oven at 46 o
C for 4 days before the luminance and tensile tests were performed. Summer months in
Milwaukee, WI can reach elevated temperatures of 32 o C, leading to wall surfaces that
can reach temperatures near 46o C (Md Din et al. 2012). This temperature was selected
for the heated experiment to simulate the temperature a GFRP can experience on the side
of a building during Milwaukee’s summer months. The duration time of 4 days was
determined by conducting a preliminary study where specimens were placed in an oven
at 46 o C for 3.5 hours, 1 day, 4 days, and 1 week before their tensile properties were
evaluated. For the freezing temperature experiment, specimens were placed in a freezer at
-20 o C for one week before testing luminance and tensile strength. In the winter,
Milwaukee often faces sub-zero temperatures, so the testing temperature and duration
were selected to reflect the cold a GFRP could experience outside. It is important to note
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that after the time had been met, each specimen was taken out of the oven or freezer and
tested at ambient lab temperature.
5.2.2 Luminance Test Results

16.00

20% wt (Freeze)
20% wt (Heat)
40% wt (Freeze)
40% wt (Heat)
60% wt (Freeze)
60% wt (Heat)
80% wt (Freeze)
80% wt (Heat)

14.00

Luminance (lx)

12.00
10.00
8.00
6.00
4.00
2.00
0.00
0

1

2

3

4

5

6

7

8

9

10

Time (min)

Figure 5.6: Luminance over time for frozen and heated specimens
From this study, the luminance of both heated and frozen specimens exhibited
logarithmic decay upon light source removal, as shown in Figure 5.6. Like the control
experiment, a major increase in luminance occurred between 20% and 40% epoxy
weight, but the difference is much more subtle as the material increased from 60% to
80%. Although the trends remained the same, the heated specimens appear to have a
decrease in initial brightness and duration while the frozen specimens appear to have a
slight decrease in initial brightness and similar emittance time compared to the control
specimens. Looking at the 60% wt. values in Table 5.2, the heated specimen had a
reduction in initial luminance and time until zero emittance of 21.5% and 18.2%. On the
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other hand, the 60% frozen specimens saw a reduction of the two values at 19.3% and
4.5%.
Table 5.2: Luminance behavior for varying % epoxy wt. for heated and frozen
conditions
Control

Heated Specimens
Initial
Time until zero
Luminance (Lux)
Emittance (min)
Avg
Percent
Avg
Percent
Values Change Values Change
4.90
-9.8%
7
-22.2%

Frozen Specimens
Initial Luminance
Time until zero
(Lux)
Emittance (min)
Avg
Percent
Avg
Percent
Values Change Values Change
6.03
11.0%
11
22.2%

Specimen
Type

Initial
Luminance
(Lux)

20% wt.

5.43

Time
until
zero
(min)
9

40% wt.

11.29

16

10.97

-2.9%

15

-6.3%

10.39

-8.0%

17

6.3%

60% wt.

15.19

22

11.93

-21.5%

18

-18.2%

12.26

-19.3%

21

-4.5%

80% wt.

15.83

26

13.30

-16.0%

22

-15.4%

14.98

-5.4%

25

-3.8%

5.2.3 Tensile Test Results
Initially, the duration of specimen heating was established. As previously
mentioned, specimens with no luminous powder were placed in the oven for 3.5 hours, 1
day, 4 days, and 1 week before tested in tension. Figure 5.7 displays the results of the
initial test and Table 5.3 provides the values. Three out of the four heating lengths
produced remarkably similar tensile strength and ultimate strain. The modulus of
elasticity was very similar for the 3.5 hour and 1 week heating length, while the 1 day
and 4 day heating lengths had higher, but nearly identical values. Because of these
results, it can be assumed that any of the four durations yield comparable results.
Although any of these times would be sufficient for testing, four days was selected for the
remaining tests to simulate a GFRP sitting outside for roughly the amount of time peak
temperatures are seen in Milwaukee, WI.
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Figure 5.7: Stress vs. strain plot for various heating lengths
Table 5.3: Tensile properties for different heating lengths
Tensile Strength (ksi)
Ultimate Strain
E (ksi)
Heating
Length Averaged Standard Averaged Standard Averaged Standard
Values Deviation Values Deviation Values Deviation
0 hrs

25.79

1.56

.0183

.0027

1689.2

237.2

3.5 hrs

25.68

1.64

0.0170

0.0002

1555.1

137.1

1 Day
4 Days
1 Week

29.47
25.17
24.18

3.35
5.27
2.91

0.0170
0.0136
0.0167

0.0038
0.0028
0.0019

1942.9
1974.5
1627.8

268.1
36.5
165.4

Figure 5.8 shows the stress strain plot of all the heated specimens. About 38% of
the specimens exhibited Type II failure mode while the remaining 62% exhibited Type
III failure. Figure 5.9 shows the stress strain plot of all the frozen specimens. All the
frozen specimens exhibited Type III failure. Interestingly, many of these specimens
displayed extreme shearing throughout most of the specimen’s length rather than just
near the failure plane. From these results, it seems that the warmer the specimen was, the
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more likely it was to have Type II failure and the colder it is, the more likely the material
failed with Type III behavior.
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Figure 5.8: Stress vs. strain curve of heated specimens
A comparison between a GFRP’s ultimate tensile strength, ultimate strain, and
Young’s modulus when heated, frozen, and held at room temperature can been seen in
Figure 5.10 below. Based on the results, the temperatures used in this study seem to have
negligible effect on the tensile properties of GFRPs. With no luminous powder, the
frozen specimens had the highest ultimate tensile strength while the heated and ambient
specimens were almost equivalent. According to previous experiments, the strength of
GFRP specimens initially remains consistent regardless of temperature, but once a GFRP
nears the matrix’s glass transition temperature, the material’s strength starts to degrade
(Ou and Zhu 2015; Campana et al. 2017; Wang et al. 2015). According to the CSS-ES
epoxy product data, the glass transition temperature of the material used in this study is
62 o C. The GFRP’s strength was unaffected by the heat because the specimens were
subjected to a temperature more than 20% less than the glass transition temperature. As

56
the amount of luminance increased, the tensile strength of the frozen specimen decreased
to match the values of the control specimens.
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Figure 5.9: Stress vs. strain plot of frozen specimens
The heated specimens were more variable than the frozen specimens, but the
strength remained roughly the same with increasing luminance. The ultimate strain of
frozen and control specimens is almost identical, aside from the 80% luminance. With so
much luminance power in the specimen, the powder could have bunched up to create
more variable data. The ultimate strain of the heated specimens also followed the trends
of the control specimens, except the 0% luminance was much lower and had a percent
difference compared to the control specimens of nearly 30%. Although the elastic
modulus of the control specimens slightly increased as more luminance was added, the
heated and frozen specimen’s modulus seem to remain constant with increasing luminous
powder. Overall, the conclusion can be made that freezing and heating the specimens
well below their glass transition temperature do not have a significant impact on the
tensile properties of GFRPs.
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(a) Tensile strength vs. luminous
powder

(b) Strain vs. luminous powder

(c) Elastic modulus vs. luminous powder
Figure 5.10: Tensile properties of heated and frozen specimens

5.3 UV EFFECTS
5.3.1 Test Procedure
To evaluate the effects of UV exposure on GFRPs, the specimens were put in an
ENNVA UV sanitizer box for 10 days before testing their luminance and tensile
properties. Ten days in this UV box is roughly equivalent to .73 kW/m 2 of UV radiation,
or the amount of solar radiation a southern facing wall in Milwaukee, WI will receive
over one year (Solar Irradiance Calculator 3/4/2022; Calculate How Much Solar
3/4/2022). The amount of solar irradiance an object experiences year-round in Milwaukee
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was found at http://www.solarelectricityhandbook. com/solar-irradiance.html, and the
average solar hours per day in Milwaukee were be found at
http://www.solarelectricityhandbook.com/solar-irradiance.html. Additionally, the UV
rays caused the specimens to illuminate, so after 10 days of exposure to UV light, a
luminance test was conducted to see how the specimens reacted to a 5-minute activation
time under UV light.
5.3.2 Luminance Test Results
After exposure to ultraviolet light for 10 days, the specimens became noticeably
discolored due to photochemical damage caused by the radiation (Wang et al. 2015).
Figure 5.11 above shows the comparison of coloration for 0% luminous powder
specimens with UV exposure (bottom) and without UV exposure (top). The UV radiation
seems to have tinted the previously clear matrix into a brownish yellow color.

Figure 5.11: Specimen discoloration after UV exposure
Figure 5.12 shows the luminance over time after being subjected to 10 days of
UV radiation. The solid lines indicate that the specimen was activated for five minutes
using LED lights, while the dashed lines indicate the specimens were activated with UV
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light. By looking at the plot alone, it is evident that the LED lights produced much higher
light intensity and duration compared to the UV light. The 40% luminance activated with
LED lights produced higher intensity and duration than the 40%, 60% and 80%
specimens activated with UV light. The results also show that the luminance and duration
of GFRPs decrease significantly after exposure to UV rays. As shown in Table 5.4, the
initial luminance and length of emittance decreased after the GFRP was subjected to UV
radiation for 10 days. This reduction in luminance can likely be attributed to the
ultraviolet rays damaging the surface of the specimen and altering its color. The luminous
powder cannot glow as easily through the tinted matrix as it could through the clear one.
These results show that the sun’s ultraviolet rays will degrade a self-luminous GFRP’s
luminance ability over time.
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Figure 5.12: Average luminance over time with LED and UV activation (UV
Condition)
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Table 5.4: Luminance behavior for varying % epoxy wt.
Control Condition

LED Activation
Initial
Time until zero
Luminance
Emittance
(Lux)
(min)

UV Activation
Initial
Time until zero
Luminance
Emittance
(Lux)
(min)

Initial
Luminance
(Lux)

Time
until
zero
(min)

Avg

Percent
Diff

Avg

Percent
Diff

Avg

Percent
Diff

Avg

Percent
Diff

20% wt.

5.43

9

4.49

-19.0%

8

-11.8%

3.65

-39.3%

6

-40.0%

40%wt.

11.29

16

7.33

-42.6%

12

-28.6%

4.69

-82.6%

9

-56.0%

60% wt.

15.19

22

8.14

-60.5%

15

-37.8%

6.35

-82.1%

11

-66.7%

80 % wt.

15.83

26

11.02

-35.9%

15

-53.7%

6.14

-88.2%

11

-81.1%

Specimen
Type

5.3.3 Tensile Test Results

Figure 5.13: Stress vs. strain plot for UV specimens
Figure 5.13 above shows the stress strain plot of specimen’s after about
.73kW/m2 of ultraviolet radiation. Roughly 41% of the UV specimen had type II failure
and 59% had type III failure. A breakdown of these specimen’s tensile strength, ultimate
strain, and elastic modulus compared to the control specimens and the range of data can
be seen in Figure 5.14. Other than the specimen with no luminous powder, the ultimate
tensile stress, ultimate strain, and elastic modulus of the UV specimens all follow the
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exact trend as the control specimen, but the values are just slightly lower. The 0%
luminance value has a tensile strength and elastic modulus percent difference of about
11.5% and 11% higher than the control value. It is likely that the fibers could have been
cut slightly larger in the UV specimens or slightly smaller in the control specimen,
leading to a variation in results. UV radiation has been found to damage only the top
layer of a GFRP, rather than the entire thickness (Böer et al. 2013), so it is reasonable that
the material’s tensile properties are only slightly reduced. Overall, UV radiation slightly
degrades the tensile properties of a self-luminous GFRP, but significantly discolors the
material and reduces its brightness and duration.
5.4 CONCLUSIONS
5.4.1 Luminance Test Results
Regardless of environmental conditions, each test displayed high initial brightness
after activation followed by a logarithmic decline over time. UV exposure had the largest
impact on a self-luminous GFRP’s brightness and time of emittance. UV radiation caused
discoloration in the matrix which decreased its initial luminance and its overall light
duration. Freezing GFRPs caused the initial luminance to decrease slightly, but the light
decay was not as significant, leading the brighter intensity over time compared to the
control GFRPs. Heated specimens had a slight decrease in initial luminance and duration,
but the effect was less noticeable compared to the UV specimens. Water, on the other
hand, does not have a significant impact on a self-luminous GFRP and followed very
closely to the control specimens.
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(a) Tensile strength vs. luminous powder

(b) Strain vs. luminous powder

(c) Elastic modulus vs. luminous powder
Figure 5.14: Tensile properties of UV specimens

5.4.2 Tensile Test Results
As a GFRP’s moisture content increased, the tensile strength and ultimate strain
decreased regardless of if luminous powder was in the material or not. The tensile
properties of GFRPs were affected by the material’s moisture content rather than the
amount of time submerged in water. The average elastic modulus was unaffected by the
moisture content, but the individual results varied significantly. The temperature
examined in this study was found to have no significant impact on a GFRP’s tensile
properties. UV radiation, however, was found to slightly decrease a GFRP’s tensile
strength, ultimate strain, and elastic modulus.
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The environmental impacts also influenced the GFRP’s failure mode. When a
specimen was warm, it was more likely to experience type II failure, but when it was
frozen, it was likely to experience type III failure. Specimens subjected to UV rays are
about equally likely to experience type II failure as specimens heated to 46 o C.
Submerging a GFRP into water will lead to either type II or type I failure upon testing.
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CHAPTER 6 SELF-LUMINOUS NATURAL FRP
In this chapter, the mechanical and luminous properties of self-luminous natural,
flax FRPs are studied. The test procedure for creating and assessing the flax FRP
specimens is explained, and the mechanical and luminous results are provided and
compared with GFRPs. At the end, the results are summarized, and the major conclusions
are presented.
6.1 TEST PROCEDURE
In this chapter of the study, self-luminous flax fiber reinforced polymers were
examined. Flax fibers were chosen for experimentation because they are naturally grown,
cost and environmentally friendly, and are often used in everyday objects like clothing.
To make the flax FRPs, the same method described in chapter 3 was implemented, but 6
layers of flax fibers were substituted for the one layer of glass fiber. One layer of flax
fiber was about .016in thick which was a little less than half the thickness of the .038in
thick glass fibers. Six layers of flax fibers were used for experimentation because natural
fibers have been found to have much weaker tensile strength compared to glass fibers.
Using roughly 250% more fiber volume than the GFRP specimens was thought to
provide more comparable results than using equal fiber volume percentages.
Like the submerged test, only specimens with 0% and 40% luminance were
evaluated to save on time. In future research, more flax FRPs with varying luminance
percentages should be tested for more comprehensive results. Similar to the GFRP
specimens, the flax FRPs were subjected to the luminance and tensile test, as described in
chapters 3 and 4.
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Figure 6.1: 40% Luminance flax fiber specimen

6.2 LUMINANCE TEST RESULTS
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Figure 6.2: Luminance over time for 40% luminance flax FRP specimens
From this study, self-luminous flax FRPs displayed much weaker luminance
qualities compared to self-luminous GFRPs. As shown in Figure 6.2 and Table 6.1, the
40% flax fiber specimens performed significantly worse than the glass fiber specimens of
equal luminance percentage. The flax FRP’s initial brightness was 80.9% of the GFRP
measurement and its luminance lasted for 68.8% less time. The reasoning for this is likely
due to the color and transparency of flax fibers. As shown in Figure 6.1, the flax FRP
specimens were dark brown even with luminous powder present in the matrix, which was
a stark difference from the yellowish green self-luminous GFRP specimens. Additionally,
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when submerged in the epoxy, the flax fibers became darker while the glass fibers
became lighter and even translucent. Because of this, the flax fibers were likely covering
the luminous powder and blocking their light production. This conclusion is supported by
the appearance of an illuminating flax FRP specimen, shown in Figure 6.3. The darkened
spots in the image show that the flax fibers were blocking the light given off by the
luminous powder.

Specimen
Type
40% wt.

Table 6.1: Luminance of flax FRP vs GFRP
Control
Flax
Initial Luminance
Time until Zero
Time until
Initial
(Lux)
Emittance (min)
Zero
Luminance
Emittance
Averaged Percent Averaged Percent
(Lux)
(min)
Values Change Values Change
11.9
16
2.28
-80.9%
5
-68.8%

Figure 6.3: Illuminating 40% flax FRP

6.3 TENSILE TEST RESULTS
Figure 6.4 displays the stress versus strain plot of the flax FRP specimens. All of
the tested specimens had a type I failure mode meaning these specimens displayed no
fiber pullout, unlike the GFRP specimens. A reasoning for this is that the flax fiber
woven mesh was much finer than the glass fiber mesh. With a fine mesh size, the fibers
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are likely to rupture and continue straight across while a larger mesh size allows for the
fracture to travel upward in a shearing fashion and cause fiber pullout and debonding.
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Figure 6.4: Flax FRP stress vs strain plot
A comparison between the tensile properties of flax FRP and GFRPs with and
without luminous powder can be seen in Figure 6.5. From the figure, GFRPs have much
more desirable tensile properties. The tensile strength and ultimate strain of GFRPs were
significantly higher than those of flax FRPs. The elastic modulus between the two
materials was closer to one another, but the GFRP specimens still had a higher value. The
flax fiber specimens did, however, follow the same trends as the GFRPs. The tensile
strength and ultimate strain did not vary as luminous powder was added to the matrix, but
it caused the elastic modulus to increase.
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Layering six flax fiber strands together proved to be an arduous task. The bottom
layers easily slipped as more layers were pressed on top and it was difficult to ensure
epoxy was bonding to all the strands. Future research should be done to verify the epoxy
bonded to all the fiber layers and test more specimens with varying luminance
percentages.

(a) Tensile strength vs. luminous
powder

(b) Ultimate strain vs. luminous
powder

(c) Elastic modulus vs. luminous powder
Figure 6.5: Tensile properties of flax FRP

6.4 CONCLUSIONS
Self-luminous flax FRPs followed the same luminance and tensile trends as
GFRPs, but their values were much lower. For instance, 40% luminance flax FRPs
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showed a similar logarithmic decay of light emittance over time, but their initial
luminance and time of emittance were 80.9% and 68.8% lower than GFRP specimens.
This decrease in luminous capabilities was due to the color of the flax fibers. When
submerged in epoxy, the flax fibers darked which made it difficult for the light to
penetrate and be seen or measured by the light sensor. The tensile properties followed the
same trends as GFRPs where tensile strength and ultimate strain remained constant and
elastic modulus increased when luminous powder was added to the matrix. The tensile
strength and ultimate strain of the flax FRP specimens were much weaker than the GFRP.
Although the difference was much closer than the strength and strain, the elastic modulus
was also lower for flax FRPs than glass FRPs.
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CHAPTER 7 CONCLUSION & FUTURE RESEARCH
Experimental analysis was performed in this thesis to understand the afterglow
properties and durability of self-luminous GFRPs after they are subjected to various
environmental stimuli. The summary, conclusions, and future research are provided in
this chapter.
7.1 CONCLUSIONS
This study was aimed at evaluating the luminous characteristics and tensile
properties of self-luminous glass fiber reinforced polymers subjected to various
environmental conditions. The following paragraphs highlight the significant conclusions
drawn from this study.
Self-luminous GFRPs only need a light activation time of five minutes before its
luminous qualities are maximized. Once the light source was removed, the GFRP
illuminates, and its brightness decreases in logarithmic decay over time. By adding more
luminous powder into a GFRP’s matrix, the intensity of light and the length of emittance
increases, but as the luminous powder as a percentage of the epoxy weight increases, the
differences in brightness and length of light decreases. For this reason, imputing
luminous powder that is 80% of the epoxy weight will come close to the maximum
amount of light intensity and duration.
The luminous powder was found to have insignificant effect on a GFRP’s tensile
strength and ultimate strain until high concentrations of luminous powder were used. At
60% and 80% luminance, the tensile strength and ultimate strain slightly declined. This
was likely caused by either improper mixing where clusters of powder remained and
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blocked the epoxy from bonding to the fibers or too much powder in the epoxy made it
difficult to bond to the fibers. The addition of luminous powder did create a stiffer
material as the elastic modulus increased along with the powder content. It was also
confirmed that the fibers carry most of the tensile strength but also are a source for
variation. The matrix is an isotropic material and formed in a mold, so it should have the
same properties every test. The fibers, however, are anisotropic causing the results to
differ if their fiber orientations are slightly off. The fibers were cut by hand, so slight
variations existed in the width of each fiber strand and would impact the overall strength
of the material. Additionally, kinks may exist in the fiber strands which would also affect
the GFRP’s overall strength.
Ultra-violet radiation had the largest impact on the self-luminous GFRP’s
luminous qualities. The UV light caused discoloration in the material changing it from a
clear, translucent tone to a brownish yellow color. This discoloration made it more
difficult for the luminous powder to shine, causing a reduction in overall luminance and
duration of light emittance. Freezing the GFRPs caused the initial luminance to decrease,
but the rate of decay was less severe. This meant the frozen specimens often displayed
high brightness values compared to the control specimens and lasted for longer. After
subjected to heat, the specimens had a slight decrease in initial brightness and duration,
but not as significant as the UV specimens. Submerging the GFRPs in tap water
displayed no notable change to the material’s luminance behavior.
Water had the highest impact on the tensile properties of GFRPs. The rate of
change in moisture content decreased over time and self-luminous GFRPs had a lower
absorption capacity because the luminous powder absorbed the moisture in the epoxy and
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could not hold additional water. Regardless of if luminous powder was in the material or
not, the tensile strength and ultimate strain both decreased as the moisture content
increased. The elastic modulus of the material remained constant, however. As the
moisture content increased, the water began to degrade the fiber to matrix interface
causing a reduction in the tensile strength of the material. The tensile properties were not
impacted by the temperatures the materials were subjected to. The 46 0 C temperature was
significantly lower than the epoxy’s glass transition temperature, so the tensile properties
were not affected. The UV radiation damaged part of the epoxy which lead to a slight
decrease in tensile strength, ultimate strain, and elastic modulus. Overall, the selfluminous subjected to environmental conditions followed the same trends as the control
specimens but with more variability. Adding luminous powder created variability
between matrices of specimens and was reflected in the results. Additionally, when
GFRPs are frozen, they will exhibit extreme shearing during their failure. Heating and
UV radiation will cause less debonding to occur than GFRPs without any environmental
conditions on it. Submerging GFRPs into water causes the material to display brittle
failure or a little fiber pullout.
The tested flax FRPs followed the same trends as the GFRPs but displayed much
weaker luminous and tensile behavior. The initial luminance and light duration
significantly decreased for flax specimens which was caused by the coloration of the
fibers. When submerged in the epoxy, the fibers turned a dark brown which hindered the
light from passing through it during testing. The tensile strength and strain were also
significantly weaker compared to GFRPs, even with a higher fiber volume percentage.
The elastic modulus was also smaller for flax FRPs, but the difference was not as drastic.
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7.2 FUTURE RESEARCH
As shown in the results, the tensile behavior of GFRPs was extremely variable.
Because of this, more tests should be conducted on these specimen types and
environmental conditions in the future to obtain a larger sample size and a better
understanding of the variation between tests. Additionally, the effects of water should be
conducted on all luminance percentages to obtain more comprehensive results. During a
self-luminous GFRP’s lifetime, it will be subjected to all the environmental conditions
tested in this study. To better understand how the GFRP will respond over time, tests
should be conducted to see if multiple environmental conditions will affect the properties
of the material.
More tests should also be conducted on flax FRPs to better understand their
behavior compared to GFRPs. For one, the tensile properties of flax FRPs for varying
amounts of fiber volume percentage should be tested to obtain comparable properties
with GFRPs and ensure all the fibers are properly binding to the matrix. Once this is
found, the material should be subjected to different environmental conditions at various
luminance percentages, similar to this study.
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